EGFR tyrosine kinase inhibitors have shown promising efficacy in the treatment of tumors with EGFR mutations and amplifications. However, tyrosine kinase inhibitors have also proven ineffective against most tumors with EGFR wild-type (WT) alleles. Although some genetic changes, including the KRAS mutation, have been shown to confer resistance to tyrosine kinase inhibitors, novel strategies for the treatment of cancer patients with tumors harboring EGFR WT alleles have yet to be thoroughly delineated. The principal objective of this study was to improve our current understanding of drug interactions between EGFR and MAP/ERK kinase (MEK) inhibitors in an effort to gain insight into a novel therapeutic strategy against EGFR WT tumors. Using a panel of human EGFR WT gastric cancer cell lines, we showed that gastric cancer cells harboring the KRAS mutation were selectively sensitive to MEK inhibition as compared with those cells harboring KRAS and PI3K mutations and KRAS WT alleles. However, all cell lines were found to be resistant to EGFR inhibition. The results from Western blots and phosphoprotein arrays showed that, in MEK inhibitor resistant cell lines, AKT was activated through the EGFR/HER3/PI3K pathway following AZD6244 (ARRY-142886) treatment. Blockade of this feedback mechanism through the targeting of MEK and EGFR resulted in detectable synergistic effects in some cell lines in vitro and in vivo. Our results provide the basis for a rational combination strategy against human EGFR WT gastric cancers, predicated on the understanding of cross-talk between the MEK and EGFR pathways. [Mol Cancer Ther 2009;8(9):2526-36] 
Introduction
The current broad use of anticancer agents will eventually lead to more personalized cancer therapeutic modalities, and the particular molecular profiles of the patient's tumor will ultimately guide the therapeutic choices made (1) . These expectations are clearly linked to the development of selected kinase inhibitors in clinical settings (2) . There is now compelling evidence to suggest that the activation of mutations in signaling pathways may result in "addiction" to these pathways, and thus, these mutations can be considered biomarkers to predict clinical responses to the inhibition of these pathways (3) . This concept of context-dependent oncogene addiction has critical implications with regard to the identification of potential molecular biomarkers, as well as the design of moleculartargeted therapies (4, 5) .
The overexpression of epidermal growth factor receptor (EGFR) and its ligands have been detected and reported in a variety of tumor types, and these findings have generated interest in EGFR as a potential target for cancer therapies (6) . The identification of activating EGFR mutations in lung tumors that respond to EGFR tyrosine kinase inhibitors provides clinical proof of the concept of "oncogene addiction" (7) (8) (9) (10) . However, some lung cancer patients whose tumors harbor activating EGFR mutations have been shown to become refractory to tyrosine kinase inhibitors (11, 12) , and thus, this strategy for EGFR dependency targeting currently is restricted to a small number of patients (7) .
In patients with EGFR wild-type (WT) alleles, the resistance mechanisms of tyrosine kinase inhibitors may be induced by other genetic alterations, including PI3K, BRAF, or KRAS mutation, PTEN loss, and MET amplification (13) (14) (15) (16) . Among these, activating mutations of KRAS have been noted frequently in several tumor types (17, 18) ; interestingly, EGFR and KRAS mutations are rarely detected in the same tumors. This suggests that they may do functionally equivalent roles in tumors (19, 20) . Considering these factors, KRAS mutations are related strongly with the prediction of primary sensitivity or resistance to tyrosine kinase inhibitors, as well as EGFR monoclonal antibody (15, 21) .
The results of a recent high-throughput oncogene mutation profiling study have shown that oncogene mutations occur not only in a mutually exclusive fashion, like the EGFR and KRAS mutations, but also co-occur, such as in the case of PIK3CA and KRAS in human cancers (20) . Moreover, the results of this study showed that rare and potentially "druggable" oncogenic mutations may exist in many common tumor types regarded as WT against well-known oncogenes (20) . Thus, there is a clear need for more rational therapeutic strategies of genetically complex tumor cells, and several studies have already provided initial rational combination therapies (22) (23) (24) . In this study, we characterize AZD6244 (ARRY-142886), a novel MAP/ERK kinase (MEK) inhibitor that exerts antiproliferative effects on human gastric cancer cell lines that are resistant to gefitinib. Furthermore, we suggest that the dual inhibition of EGFR and MEK1/2 signaling pathways may constitute a potent therapeutic strategy for the treatment of subsets of human EGFR WT gastric cancers.
Materials and Methods
Mutational Analysis of EGFR, KRAS, and BRAF Gene Genomic DNA was extracted from nine gastric cancer cell lines. EGFR (exons [18] [19] [20] [21] [22] [23] [24] , KRAS (exons 1-3), and BRAF (exon 15) were then sequenced using the previously described primers and methods (10, 25, 26) . All sequencing reactions were conducted in the forward and reverse directions. All mutations were confirmed at least twice from independent PCR isolates, as described previously (10, 25) .
Cell Culture and Reagents Human gastric cancer cell lines (SNU-1, 5, 16, 484, 601, 638, 668, and 719) were obtained from the Korea Cell Line Bank (27) , and AGS was purchased from the American Type Culture Collection. These cell lines were grown at 37°C under 5% CO 2 in RPMI-1640 containing 10% fetal bovine serum (WELGENE, Inc.). Gefitinib and AZD6244 were generously provided by AstraZeneca. SU11274 and LY294002 were purchased from Calbiochem. Stock solutions (10 μmol/L) were prepared in DMSO and stored at −20°C. Gefitinib, AZD6244, and SU11274 were diluted in fresh media before each experiment, and the final concentration of DMSO was <0.1%.
Antibodies and Western Blotting Cultured cells were washed in ice-cold PBS and lysed in radioimmunoprecipitation assay buffer in accordance with the previously described methods (28) . Samples containing equal quantities of total proteins were resolved on SDS-polyacrylamide denaturing gel, transferred to nitrocellulose membranes, and probed with antibodies. Detection was conducted using an enhanced chemiluminescence system (Amersham Pharmacia Biotech). Antibodies against p-EGFR (pY-1068), p-HER2 (pY-1221/1222), p-HER3 (pY-1289), p-MET (pY-1234/1235), p-PTEN (pS-380), p-STAT3 (pY-705), p-AKT (pS-473), p-ERK (pThr-202/Tyr-204), EGFR, HER2, MET, PTEN, STAT3, AKT, ERK, cyclin D, Bcl-2 interacting mediator of cell death (Bim), Bcl-xL/Bcl-2-associated death promoter (Bad), Myeloid Cell Leukemia-1 (MCL-1), Bcl, Bcl-Xl, and caspase-3 were purchased from Cell Signaling Technology. Anti-HER3 antibody was acquired from Millipore. Bax, poly(ADP-ribose) polymerase, cyclin E, cyclin A, cyclin B, β-actin, p27, and p21 antibodies were obtained from Santa Cruz Biotechnology. Antitubulin antibody was purchased from Sigma-Aldrich.
Phospho-Receptor Tyrosine Kinase (RTK) and Phospho-Mitogen Activated Protein Kinase (MAPK) Arrays
Phospho-RTK and -MAPK arrays were purchased from R&D Systems and were conducted in accordance with the manufacturer's instructions.
Cell Growth Inhibition Assay Tetrazolium dye (MTT; Sigma-Aldrich) assays were used to evaluate the growth inhibitory effects of AZD6244, gefitinib, or AZD6244 plus gefitinib. The cells were seeded on 96-well plates at a density of 3,000 cells per well, incubated for 24 h, and then treated for 72 h with drugs at 37°C. After drug treatment, MTT solution was added to each well and incubated for 4 h at 37°C before the removal of the media. DMSO was then added and mixed thoroughly for 30 min at room temperature. Cell viability was determined by measuring absorbance at 540 nm in a microplate reader (VersaMax, Molecular Devices). The drug concentrations required to inhibit cell growth by 50% were determined through interpolation from the dose-response curves (Calcusyn, Biosoft). Six replicate wells were used for each analysis, and at least three independent experiments were conducted. The data from replicate wells are presented as the mean numbers of remaining cells, with 95% confidence intervals. To determine the effects of the combined drug treatments, any potentiation was estimated by multiplying the percentage of remaining cells (percent growth) for each drug. The classification indices were calculated as previously described (29) . Synergism was defined as % AB/(% A × % B) > 1.0; additivity was defined as % AB/(% A × % B) = 0.9 to 1.0; and antagonism was defined as % AB/(% A × % B) < 0.9 (in these equations, A and B are the effects of individual agents, and AB represents the effects of the combination of the two drugs).
Cell Cycle Analysis and Annexin V Staining Cells were treated for 24 h with drugs, washed twice in PBS, fixed in 70% ethanol, and then stored at −20°C until analysis. Before analysis, the cell suspensions were washed with PBS, digested for 15 min with RNase A (50 μg/mL) at 37°C, and stained with propidium iodide (50 μg/mL). The cell DNA contents (10,000 cells per experimental group) were determined with a flow cytometer (FACSCaliber, Becton Dickinson Biosciences) equipped with a ModFit LT program (Verity Software House, Inc.). AGS cells were left untreated or treated for 48 h with two different concentrations of AZD6244 and gefitinib (0.05 and 0.5 μmol/L of AZD6244 and 0.5 and 5 μmol/L of gefitinib), at which point the cells were collected and stained with Annexin V-Fluorescein IsoThioCynate (V-FITC). Apoptotic cell death was assessed by counting the numbers of cells that stained positive for Annexin V-FITC and negative for propidium iodide using an Apoptosis Detection Kit 2 (BD Pharmingen), coupled with fluorescence-activated cell sorting analysis. In vivo Studies Animal experiments were conducted in the animal facility of the Seoul National University in accordance with the established institutional guidelines. Six-to-eight-week-old female BALB/c athymic nude mice were purchased from Central Lab Animal, Inc.. The mice were permitted to acclimatize to local conditions for 1 wk before being injected with the cancer cells. Thirty mice were injected s.c. into the right flank with AGS cells (1 × 10 7 ). When the mice had developed a tumor volume of 50 mm 3 , they were randomized into treatment groups (n = 7 per group) to receive vehicle (10% ethanol/10% cremophor EL/80% dextrose 5% in water), AZD6244 (24 mg/kg, oral, bd), gefitinib (75 mg/kg, oral, bd), or combination [AZD6244 (25 mg/kg) + gefitinib (75 mg/kg)] treatments, and the experimental drug administration protocol was initiated (day 1). The tumors were then measured with calipers three times per week, and the tumor volume in cubic millimeters was calculated in accordance with the following formula: [(width) 2 × (height)]/2. After the final treatment on day 22, all mice were euthanized.
Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling Assay. Three core tissue biopsies (4 mm in diameter) were obtained from each individual paraffin-embedded tissue sample (donor blocks) and arranged in a new recipient paraffin block (tissue array block) using a trephine apparatus. Each tissue array block contained samples from all animals. Sections of 4 μm were cut from each of the triplicate tissue array blocks, deparaffinized, and dehydrated. Immunohistochemical detection of apoptosis was conducted using an Apoptag In situ Apoptosis Detection Kit (Chemicon International), in accordance with manufacturer's recommendations.
Statistical Analysis. An unpaired two-tailed t test was used to determine the significance of change in the levels of cell viability and apoptosis between the different treatment groups. Statistical analysis was conducted through t tests to compare tumor sizes in the xenograft-bearing mice. Wilcoxon test was used to determine the significance of change in the expression levels of phospho-AKT and -ERK between AZD6244-resistant and -sensitive groups. Differences between groups were considered statistically significant when P < 0.05. increasing concentrations of gefitinib and AZD6244 (0, 0.01, 0.1, and 10 μmol/L) for 72 h, and cell viability using MTT was determined by measuring the absorbance at 540 nm in a microplate reader. Bars, ±SE. Means were derived from six replicates to inhibit the growth of control cells by 50%. C, the panel of nine human gastric cancer cells were analyzed by immunoblot for pAKT, total AKT, pERK, and total ERK protein expression. Band intensity was quantified using ImageJ freeware. Cells were grouped as either sensitive (IC 50 , ≤400 nmol/L) or resistant (IC 50 , >400 nmol/L) to the MEK inhibitor AZD6244. Relative pAKT and pERK are shown for the two groups. Only the difference in pAKT between the groups was statistically significant (P = 0.031, Wilcoxon test).
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Results

Sensitivity to AZD6244 Is Highly Correlated with KRAS Mutation and/or the Level of pAKT Expression in EGFR WT Gastric Cancer Cells
All of the tested gastric cancer cell lines expressed EGFR (Fig. 1A) , and all cell lines were characterized as EGFR, BRAF, and PTEN WTs (data not shown; ref. 30 ). Four of the nine established gastric cancer cell lines (SNU-1, SNU-601, SNU-668, and AGS) were KRAS mutants (Table 1) . Interestingly, we noted that genetic alterations of the oncogenes KRAS and PIK3CA also co-occurred in the AGS cell line. Five of the nine cell lines were identified as KRAS WTs; however, SNU-5 and -638 evidenced MET gene amplification (16) , and SNU16 exhibited FGFR2 gene amplification (31) .
After the characterization of genetic status for each cell line, we conducted growth inhibition assays ( Fig. 1B ; Table 1 ). All of the cell lines were resistant to gefitinib (Half Maximal Inhibitory Concentration, >10 μmol/L); however, AZD6244 inhibited the proliferation of some cell lines, and the IC 50 s varied widely, between 0.034 μmol/L and >10 μmol/L. The KRAS mutant cell lines, which included SNU-1, SNU-601, and SNU-668, evidenced IC 5 0 s of AZD6244 of <0.5 μmol/L (range, 0.034-0.262 μmol/L), whereas the AGS cell line with KRAS and PIK3CA mutations had an IC 50 of 0.992 μmol/L, relatively higher than those observed in the cell lines harboring the KRAS mutation only. Interestingly, the SNU-719 cell line with KRAS WT alleles was highly sensitive to AZD6244 (IC 50 , 0.141 μmol/L).
To further characterize sensitivity to MEK inhibition, we conducted conventional quantitation approach (Fig. 1C) . As shown in Fig. 1C , AZD6244 sensitivity was independent of the basal expression of pERK. However, there was an inverse correlation between the basal level of pAKT expression and AZD6244 sensitivity (P = 0.031).
AZD6244 Induces the G1 Phase Cell Cycle Arrest through the Inhibition of MEK/ERK Pathway but Activates the AKT Pathway in Only AZD6244 Resistant Cancer Cells
In an effort to evaluate the mechanism underlying the effects of AZD6244, we conducted flow cytometric analysis to compare the cell cycle distribution of an AZD6244-sensitive SNU-668 cell line with an AZD6244-resistant SNU-638 cell line ( Fig. 2A) . Unexpectedly, 24 hours of treatment with increasing doses of AZD6244 (0, 0.05, 0.5, and 5 μmol/L) induced a similar increase in the percentage of cells undergoing G 1 phase in the SNU-668 and -638 cell lines. Because the previous studies showed that the RAS/RAF/MEK/ERK pathway regulated the assembly of cyclin D-dependent kinase complexes transcriptionally and posttranslationally, and helped to cancel p27 kip1 -mediated inhibition (32, 33), we evaluated changes in the expression of cell cycle regulatory molecules, including cyclin D, cyclin E, cyclin A, cyclin B, and p27 kip1 (Fig. 2B ). Cyclin D was down-regulated, but p27 kip1 was up-regulated in a concentration-dependent manner by AZD6244 in the SNU-668 and -638 cell lines. This indicates that AZD6244 can induce G 1 phase cell cycle arrest, regardless of KRAS mutation status.
To confirm whether the changes in the expression levels of cell cycle regulating molecules were dependent on the RAS/RAF/MEK/ERK pathway and to further characterize the mechanism of action of AZD6244 in EGFR WT gastric cancer cells, we assessed the phosphorylation states of ERK and AKT after 48 hours of treatment with increasing doses of AZD6244 (0, 0.05, 0.5, 5 μmol/L; Fig. 2C ). As we had anticipated, ERK phosphorylation was inhibited in the presence of AZD6244 in a concentration-dependent manner in the SNU-668, SNU-719, AGS, and SNU-638 cell lines, regardless of KRAS mutation status. By way of contrast, AKT phosphorylation was induced in a concentration-dependent manner in response to MEK inhibition in the AZD6244 resistant cell lines, including the AGS and SNU-638 cell lines, but was inhibited by AZD6244 in the AZD6244-sensitive cell lines such as the SNU-668 and 719 cell lines. These results indicate that the G1 phase cell cycle arrest was induced by AZD6244 through the inhibition of the ERK pathway. However, AKT activation in response to MEK inhibition may prove to be more important in determining the mechanism underlying the effects of AZD6244 in EGFR WT gastric cancer cells. 
Gefitinib and AZD6244 Show a Synergistic Interaction in EGFR WT Gastric Cancer Cells
Treatment with a fixed dose of 0.1 μmol/L of AZD6244, which is below the reported plasma concentrations achievable in humans (34) , resulted in a marked enhancement of the antiproliferative effects of gefitinib (Table S1 ). In cell lines harboring the KRAS mutation and KRAS and PI3K mutations, the IC 50 s of gefitinib with 0.1 μmol/L of AZD6244 were <0.1 μmol/L (range, 0.008-0.096 μmol/L). In the cell lines containing KRAS WT alleles, the IC 50 s of gefitinib with 0.1 μmol/L of AZD6244 were also relatively reduced as compared with gefitinib alone, but the IC 50 s varied widely, between 0.01 and 3.18 μmol/L.
In an effort to verify and more accurately characterize the nature of the interaction occurring between gefitinib and AZD6244, multiple drug effect analysis was conducted using a panel of nine gastric cancer cell lines (Fig. 3) . The drug concentrations used for these MTT assays ranged between 0.01 and 1 μmol/L for AZD6244 and between 0.1 and 10 μmol/L for gefitinib. In vitro, the two agents evidenced profound synergistic interactions against six of nine gastric cancer cell lines with mean index values of 1.28 to 1.54, 1.02 to 1.10, 1.23 to 1.73, 1.60 to 2.04, 1.11 to 1.13, and 1.04 to 1.17 (95% confidence interval; P < 0.05) in the KRAS mutant SNU-1, -601, and -668, KRAS and PIK3CA mutant AGS, and KRAS WT SNU-484 and -719 cell lines, respectively. These results show that the combination of gefitinib and 
Addition of Gefitinib Inhibits AKT Activation through the Suppression of Activating EGFR/HER3 Signaling Pathways
To determine whether upstream RTKs mediated the aberrant activation of the AKT pathway in response to MEK inhibition, we used phospho-RTK and phospho-MAPK arrays to compare the effects of AZD6244, gefitinib, or AZD6244 in combination with gefitinib on the AGS cell line, in which the two drugs had been shown to exert a synergistic effect on cell proliferation (Fig. 4A) . The results of the phospho-RTK and -MAPK arrays showed that EGFR, HER2, HER3, and AKT were all phosphorylated; however, this phosphorylation was markedly elevated in the presence of AZD6244 for 48 hours. By way of contrast, gefitinib treatment induced a significant reduction in that phosphorylation. This observation indicates that a complementary relationship may exist between gefitinib and AZD6244 in the AGS cell line, and this may be attributed to the fact that AZD6244 inhibits the MEK/ERK pathway but somehow induces EGFR/HER3-mediated AKT activation, whereas gefitinib inhibits EGFR/HER3-mediated AKT activation but does not inhibit the MEK/ERK pathway.
In an effort to further confirm whether complementary effects between gefitinib and AZD6244 might be a mechanism underlying the observed synergistic effects, we assessed the phosphorylation state of RTKs and downstream signaling molecules after administering AZD6244, gefitinib, or combined treatment at the indicated doses for 48 hours in the AGS cell line, which showed synergism, and in the SNU-638 cell line, which exhibited antagonism (Fig. 4B) . In the AGS cell line, gefitinib and AZD6244 induced a dramatic inhibition of EGFR/HER3-mediated ATK, as well as the MEK/ERK pathway in a concentration-dependent fashion.
By way of contrast, the SNU-638 cell line maintained the activation of MET, HER3, and AKT pathways in the presence of gefitinib and AZD6244. Furthermore, the combined treatment had similar effects in the SNU-484 cell line, which showed synergism, and in the SNU-5 and -16 cell lines, which exhibited antagonism (Supplementary Fig. S1 ).
To validate a rational basis for choosing which inhibitor to combine with the MEK inhibitor in cells on the basis of the expression and amplification of different RTKs, we conducted a multiple drug effect analysis using SU11274, a MET inhibitor, and AZD6244 in a MET gene-amplified SNU638 cell line (Supplementary Fig. S2A ). The drug concentrations used for these MTT assays ranged between 0.01 and 1 μmol/L for AZD6244 and between 0.1 and 10 μmol/L for SU11274. In vitro, the two agents evidenced profound synergistic interactions with mean index values of 1.01 to 1.08 (95% confidence interval; P < 0.05) in the SNU-638 cells. We also conducted an immunoblotting assay to compare the effects of AZD6244 (1 μmol/L), SU11274 (1 μmol/L), or AZD6244 plus SU11274 (1 μmol/L, respectively) on the SNU-638 cell line, which exhibited antagonism with a combination of gefitinib and AZD6244 ( Supplementary  Fig. S2B ). The results showed that the combined treatment of AZD6244 and SU11274 induced a dramatic inhibition of MET-mediated ATK as well as the MEK/ERK pathway in the SNU-638 cells.
Dual Inhibition of EGFR and MEK1/2 Signaling Pathways Enhanced Cell Death and Delayed Tumor Growth
As a single agent, AZD6244 treatment applied to human gastric cancer cell lines resulted in an induction of G 1 phase cell cycle arrest, but not apoptosis. To determine whether complementary interactions of gefitinib with AZD6244 induce apoptosis, we conducted flow cytometric analysis to determine the percentage of sub-G 1 cells, which is consistent with the induction of apoptosis, in AGS and SNU-638 cell lines (Fig. 5A) . In the AGS cell line, treatment with 0.05 or 0.5 μmol/L of AZD6244 for 24 hours yielded a percentage of cells with a sub-G 1 population from 3% to 7% and 8%, respectively. However, the concurrent treatment with gefitinib (0.5-5 μmol/L) and AZD6244 (0.05-0.5 μmol/L) for 24 hours in the AGS cell line resulted in the induction of apoptosis from 3% to 8%, 9%, 11%, and 13%, respectively. In the SNU-638 cell line, the percentage of the sub-G 1 portion remained largely unaltered (data not shown). In an effort to confirm and more accurately evaluate the apoptotic response, the AGS cell line was subjected to an Annexin V-FITC apoptosis assay (Fig. 5A) . These data confirmed the induction of robust concentration-dependent apoptosis through a combined treatment of gefitinib with AZD6244 in the AGS cell line. By way of contrast, apoptosis was not detected in the SNU-638 cells (data not shown).
The induced apoptosis observed subsequent to treatment with gefitinib and AZD6244 may be attributable to the abrogation of transactivated HER3-mediated AKT activation and the MEK/ERK pathway; however, tyrosine kinase inhibitors frequently have off-target effects (35) . In an effort to assess the induced apoptosis results from inhibition of HER3 activity by gefitinib and MEK activity by AZD6244, HER3 function was directly inhibited by using short interfering RNA to down-regulate HER3 protein expression with MEK inhibition in the AGS cell line (Supplementary Fig. S3 ). To evaluate the apoptotic effects of HER3 knockdown with MEK inhibition, we conducted flow cytometric analysis using propidium iodide (13) and Annexin V-FITC (Fig. 5B) . The percentage of sub-G 1 and Annexin V-positive/propidium iodide-negative cells was increased significantly after the knockdown of HER3 proteins and MEK inhibition as compared with the knockdown of HER3 proteins or MEK inhibition only in the AGS cell line. induces enhanced apoptosis through suppressing PI3K/AKT signaling pathway. A, AGS and SNU-638 cells were treated with the indicated concentrations of AZD6244, gefitinib, or AZD6244 plus gefitinib for 24 h. Cells were used for flow cytometric analysis of cell cycle distribution and Annexin V apoptosis assays, as described in the Methods section. Columns, mean of three independent experiments; bars, ±SE. *, P < 0.05; **, P < 0.01. B, AGS cells were transfected with control and HER3 short interfering RNAs. After 24 h, the cells were changed to fresh culture medium and treated with DMSO or AZD6244 (1 μmol/L). AGS cells were harvested for cell cycle assays or apoptosis at 48 h after treatment. Columns, mean of three independent experiments; bars, ±SE. *, P < 0.05; **, P < 0.01. C, AGS cells were treated with the indicated concentrations of AZD6244, LY294002, or AZD6244 plus LY294002 for 24 h. Cells were used for flow cytometric analysis of cell cycle distribution and Annexin V apoptosis assays, as described in the Methods section. Columns, mean of three independent experiments; bars, ±SE. *, P < 0.05; **, P < 0.01. D, AGS cells were treated with the indicated concentrations of AZD6244, gefitinib, or AZD6244 plus gefitinib for 48 h. AGS cells were also treated with the indicated concentrations of AZD6244, LY294002, or AZD6244 plus LY294002 for 48 h. Cell lysates were immunoblotted with indicated antibodies.
Because the key mechanism of the synergistic interaction between AZD6244 and gefitinib seems to be the blockade of activated PI3K/AKT pathway in response to AZD6244 treatment, we used LY294002, a PI3K inhibitor with AZD6244 to verify whether the potentially synergistic effects of gefitinib are mediated through PI3K (Fig. 5C and  D) . The results from flow cytometric analysis using propidium iodide (13) and Annexin V-FITC showed that the activation of PI3K/AKT pathway in response to MEK inhibition played a role in the observed synergy of the MEK and EGFR inhibitor combination.
Next, we assessed the expression levels of apoptosisregulating molecules in the AGS cell line (Fig. 5D) . The levels of the antiapoptotic protein MCL-1 and the proapoptotic protein BAX were significantly altered, and poly(ADPribose) polymerase and caspase-3 cleavage were increased after 48 hours of combined treatment of AZD6244/gefitinib and AZD6244/LY294002. Interestingly, the proapoptotic BH3-only protein BIM was not significantly induced by treatment with the combination of gefitinib and AZD6244. Although the mechanism underlying apoptosis in oncogenic EGFR mutants has been previously studied (36) (37) (38) , the mechanism underlying apoptosis in EGFR WTs remains to be clearly elucidated.
The synergistic proapoptotic effects of EGFR and MEK inhibition imply that the targeting of EGFR and MEK signaling may constitute a rational strategy for the treatment of EGFR WT gastric tumors. Therefore, we attempted to determine whether the inhibition of both pathways in vivo would effectively suppress tumor growth in a human AGS xenograft model (Fig. 6) . The volumes in mice receiving daily coadministration of AZD6244 (25 mg/kg) and gefitinib (75 mg/kg) was significantly smaller than that observed in the vehicle control, AZD6244, and gefitinib alone groups (P < 0.001; P < 0.05; P < 0.05). The effects of the combination treatment on apoptosis were also assessed using an AGS xenograft model (Fig. 6 ). We conducted a terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling assay on paraffin-embedded xenograft tumors and used tissue arrays, which allowed for a direct comparison between tissues from different animal groups. The levels of apoptotic positive cells detected in the AZD6244 and gefitinib coadministration groups were higher than those detected in the other groups. These results reinforce the notion that the complementary inhibition of EGFR and MEK signaling pathways by gefitinib and AZD6244 induced synergistic growth inhibition in vivo as well as in vitro, and thus, the targeted dual inhibition of EGFR and MEK may constitute a rational therapeutic strategy for the treatment of subsets of EGFR WT gastric cancers.
Discussion
Tumor cells seem to depend strongly on the constitutive activation of one or two pathways, a phenomenon which has been termed oncogene addiction, whereas normal cells utilize a broader range of pathways (3). This oncogene addiction may constitute an "Achilles' heel" within the cancer cells, which can be exploited therapeutically by targeting the pathways activated by oncogenes such as EGFR (4, 5, 19, 39) . Moreover, other oncogene mutations that activate common downstream pathways, such as AKT and ERK, can co-occur, such as in the case of PI3K with EGFR or KRAS in human cancers (20) . Multiple cancer genes may also simultaneously interact in human cancers, and these phenomena present a significant challenge to the development of more potent and rational molecular targeted therapeutic strategies.
Activating mutations in EGFR or KRAS have been well characterized in human cancers. The activation of each oncogene by mutation and/or amplification subsequently activates downstream AKT and/or ERK signals for survival. Mutations in the EGFR gene are detected only in a minority of non-small cell lung cancers, and these mutations are correlated strongly with responses to tyrosine kinase inhibitors (7) (8) (9) (10) (11) (12) . However, tyrosine kinase inhibitors have limited activity in most tumors with EGFR WT alleles. The molecular mechanisms of tyrosine kinase inhibitors resistance in EGFR WT tumors remain poorly understood. A previous study showed that gefitinib completely suppressed EGFR phosphorylation, but ERK phosphorylation was increased by the administration of gefitinib treatment in EGFR WT cancer cells (18) ; additionally, it has been suggested that the role of ERK activation might be that of a resistance mechanism. By way of contrast with the relatively uncommon EGFR mutations, KRAS mutations are common in human cancers and are frequently detected in subsets of EGFR WT tumors (17, 18) . KRAS mutations have been shown to induce primary resistance to EGFR inhibitors owing to the persistent activation of RAS/MAPK pathways (15, 21) . The results of a recent study have shown that AZD6244, a novel MEK inhibitor, is active in preclinical tumor models containing KRAS or BRAF mutations (40) . However, another study has shown that U0126, a MEK inhibitor, induces the association of Gab1 and PI3K with EGFR and results in increased AKT phosphorylation in U0126-resistant cells (41) . Accordingly, it seems that either ERK or AKT is activated as a counterpart signal when cells are exposed to EGFR or MEK inhibitors. Thus, we hypothesized that the dual inhibition of EGFR and MEK signaling pathways would result in enhanced antiproliferative and antitumor effects in EGFR WT gastric tumors.
Via a growth inhibition assay, we determined that gefitinib was ineffective in all gastric cancer cell lines; however, AZD6244 was effective in four cell lines (three KRAS mutant and one KRAS WT). The high degree of sensitivity of SNU-719 cell lines, characterized as EGFR, KRAS, BRAF, and PI3K WTs, to AZD6244 treatment was unexpected, considering its genetic status. Moreover, PTEN is basally expressed in the SNU-719 cell line (Fig. 1A) . The results of a recent study showed that MEK dependence was correlated inversely with the level of pAKT basal expression (42) . In the SNU-719 cell line, the basal expression of pAKT was relatively lower than in other cell lines (Fig. 1C) . These basal pAKT levels may explain, at least in part, why AZD6244 is sensitive to the SNU-719 cell line. Furthermore, this finding shows that the basal pAKT level as well as the KRAS mutation status should be considered in the treatment of gastric cancers with AZD6244.
Additionally, our results indicated that the inhibition of EGFR and MEK synergistically enhanced apoptosis in vitro and/or in vivo in EGFR WT gastric cancer cell lines. EGFR-mediated AKT activation and MEK-mediated ERK activation are significantly inhibited as the consequence of a complementary interaction that occurs between AZD6244 and gefitinib in six out of nine gastric cancer cell lines. However, the remaining three cell lines exhibiting either additional MET amplification or FGFR amplification did not respond to combination treatment. This is understandable because the results of a recent study have shown that EGFR or MET can transactivate other receptor tyrosine kinases, according to the dependency of EGFR and MET (43) . Constitutive MET activation may transactivate HER3/AKT signaling pathways in the SNU-638 cell line, unlike the EGFR/HER3-mediated AKT activation observed in the AGS cell line, because the combination of AZD6244 and SU11274 exerts a synergistic effect and inhibits the phosphorylation of AKT and ERK. These results provide a rational basis for choosing which inhibitor to combine with a MEK inhibitor in cells on the basis of the expression and amplification of different RTKs.
Finally, a synergistic interaction between gefitinib and AZD6244 was noted in the AGS xenograft model. However, this combination resulted in delayed tumor growth, but not tumor regression. This may be attributable to the selected doses of AZD6244 (25 mg/kg) and gefitinib (75 mg/kg). In a previous study, the activity of AZD6244 in in vivo xenograft models was tested at various doses (10, 25, 50, 100 mg/kg; ref. 44) . Based on the results of this study, 25 mg/kg of AZD6244 may be a low dose, but no clinical signs of toxicity were noted in mice receiving 25 mg/kg of AZD6244 and 75 mg/kg of gefitinib (Fig. 6) . Therefore, this in vivo study should be expanded, and future studies should be attempted to ascertain whether the results presented herein translate into clinical therapeutic efficacy.
In this study, we have shown a complementary activity between gefitinib and AZD6244 against subsets of EGFR WT gastric cancer cells in in vitro and in vivo contexts. These findings provide a clear biological rationale for the testing of AZD6244 in combination with gefitinib in EGFR WT gastric cancers.
